Streptococcus pneumoniae is the most important etiological agent causing bacterial meningitis, with mortality rates of 15%-30% and development of permanent neurological sequelae approximately in one-third of the survivors [1] . The immediate causes of death in the first days are brain edema and septic shock. Thereafter, cardiopulmonary failure or severe neurological sequelae are responsible for a fatal outcome [1, 2] . Neuronal damage is the result of direct neurotoxicity exerted by pneumococcal products and the (systemic and local) adaptive and innate inflammatory response induced by immunocompetent cells after recognition of bacteria [3] .
The innate immune system is of paramount importance in the pathophysiological process of pneumococcal meningitis. After sensing the presence of S. pneumoniae, microglia change into an activated phenotype, proliferate, migrate and accumulate at the site of injury [4, 5] . The release of cytokines or chemokines by reactive microglia induces the recruitment of circulating immune cells during infection [4, 6, 7] . Attracted neutrophils/monocytes support bacterial clearance but also release reactive oxygen and nitrogen species that contribute to neuronal and axonal damage [3, 5] . On the other hand, the role of lymphocytes in the early control of bacterial spread and their cross-talk with innate immune cells has not yet been addressed in bacterial meningitis.
There is sound clinical evidence that patients with combined B-and T-cell deficiency, such as severe combined immunodeficiency, are more susceptible to recurrent bacterial infections than immunocompetent individuals [8] . Similarly, patients with other lymphocytopenic conditions, such as human immunodeficiency virus (HIV) infection, are at major risk for recurrent pneumococcal invasive disease [9, 10] . In the current study, using Rag1
−/− mice we analyzed whether adaptive immune cells contribute to the early host defense against pneumococcal meningitis. RAG1 controls the V(D)J rearrangement of the immunoglobulin and T-cell receptors in progenitor lymphocytes [11] and thus Rag1 −/− mice are deficient in B cells, αβ T cells and innate-like lymphocyte populations, such as γδ and natural killer (NK) T cells [12] .
MATERIALS AND METHODS

Bacteria
The S. pneumoniae strain D39 (encapsulated, serotype 2) was a gift from Sven Hammerschmidt (Greifswald, Germany).
Freshly grown log-phase bacteria were plated on blood-agar plates; 8-10 hours later, several colonies were suspended in 0.9% sodium chloride, distributed in aliquots, and stored at −80°C with an approximate stock concentration of 1 × 10 9 colony-forming units (CFUs)/mL. Frozen aliquots were used for the experiments and diluted in 2 steps with 0.9% sodium chloride to the required bacterial concentration.
Mouse Model of Meningitis
The animal experiments were approved by the Animal Care Committee of the University Medical Center Göttingen and by the government of Lower Saxony, Germany. C57Bl/6 wildtype and Rag1 −/− mice (2-3 months old; 20-30 g) were bred
in the Animal Facilities of the University Medical Center Göt-tingen. Meningitis was induced by intracerebral injection of bacteria into the right frontal neocortex in anaesthetized wildtype and Rag1 −/− mice. Analyses were performed in mice that received a lethal injection of 300 CFUs of S. pneumoniae D39. In an additional experiment, wild-type and Rag1 −/− were challenged with a lower dose, which resulted in a 50% mortality rate in wild-type mice.
Mice were weighed daily and scored clinically [13] . Mice showing severe lethargy (clinical score, 3) were immediately anesthetized and euthanized, and this time point was considered the time of death. Overall and symptom-free survival were monitored. In bacteriological and flow cytometry studies, mice were euthanized 30 and 28 hours after infection, respectively.
Sample Processing
Blood was obtained in anaesthetized mice by cardiac puncture (0.6-0.9 mL per mouse according to body mass). Death was then confirmed by cervical dislocation. The whole spleen and liver were removed. The skull was opened, and the cerebellum dissected from the brain stem. Concentrations of viable bacteria in blood and homogenates of half of the cerebellum, half of the spleen, and half of the liver were determined by serial dilution in 0.9% sterile saline and plating onto blood-agar plates. The cerebrum and half of the liver were fixed in 4% paraformaldehyde and then embedded in paraffin.
Histological Analyses
Paraffin-embedded, 2-µm coronal brain sections from wild-type and Rag1
−/− mice that died of infection were evaluated. Monoclonal rat anti-mouse B220 (BD-Pharmingen) and rabbit antimouse CD3 (DCS Innovative Diagnostic System) antibodies were used to identify B and T cells. For each infected mouse, the numbers of B and T cells were quantified in the meninges of 2 different brain sections, added, and divided by 2. Ionized calcium-binding adaptor molecule 1 (Iba-1) and chloroacetate esterase (CAE) stains were used to detect microglia and recruited granulocytes in 6 different neocortical regions and the hippocampus. For each mouse, the numbers of CAE + and Iba-1 + cells were counted, added, and divided by the number of scored regions [14] . The degree of inflammation was assessed by transforming the number of observed CAE + cells in 1 high-power field (×40) per region to a score [13] . Liver sections were stained with hematoxylin-eosin, and analyzed for the presence of necrosis by standard morphological criteria (loss of architecture, karyolysis, vacuolization, and increased eosinophilia). Areas of necrosis were outlined in 10 random fields for each liver, and the percentage of necrosis was quantified.
Flow Cytometry
Flow cytometric analysis of leukocytes was performed 28 hours after injection of bacteria to evaluate the numbers of innate-like and CD4 + T cells in the whole brain and spleen of uninfected (n = 3) and infected (n = 6) wild-type mice. Anesthetized mice were perfused transcardially with ice-cold phosphate-buffered saline. Each brain was separately digested for 35 minutes with collagenase D (2.5 mg/mL) and DNAse I (1 mg/mL), homogenized, and passed through a 70-µm nylon cell strainer. Leukocytes were separated by a 37%/70% Percoll gradient. Spleens were mechanically disrupted and processed as described elsewhere [15] . The following fluorescent antibodies were used: CD45 (30-F11), CD11b (M1/70), CD19 (6D5), CD4 (RM4-5), and NK1.1 (PK136), purchased from BioLegend, and CD3 (145-2C11) γδ T-cell receptor complex (eBioGL3), provided by eBioscience. For the detection of NK T cells, leukocytes were labeled with PBS57-loaded or empty mouse CD1d tetramers, kindly provided by the National Institutes of Health tetramer core facility. Events were acquired on a FACSCanto II flow cytometer (BD Biosciences) and analyzed using FlowJo software (version 8.8; Tree Star).
Analysis of Cytokines and Chemokines
The concentrations of proinflammatory cytokines/chemokines in cerebellum and spleen homogenates were assessed using DuoSet ELISA Development Kits (R&D Systems) [14] . We analyzed these mediators in the cerebellum because of the higher ratio of meninges/brain tissue compared with cortex. The sensitivity of the assays was 7.5 pg/mL.
Statistical Analyses
Differences in overall and symptom-free survival were tested by log-rank test. The Fisher exact test were used to compare rates of liver necrosis. Differences between wild-type and Rag1
−/− mice were analyzed with Student t test and shown as means (with standard deviations [SDs]) when data were normally distributed. Nonparametric data were compared using MannWhitney U test and shown as medians and interquartile ranges. Data on T-cell subsets in the brain and spleen were jointly tested by multivariate rank sum test [16] , testing a common effect of the infection on cell subsets and determining P values adjusted for small sample size by a permutation approach. The latter simulated the distribution of the multivariate test statistics under the null hypothesis of no group differences based on 50 000 data replicates with randomly permuted group assignment. Furthermore, correlation between bacterial titers and cytokine/chemokine levels was analyzed using the Spearman rank correlation coefficient (r s ). For all analyses, GraphPad Prism (version 5; GraphPad Software) and R software (version 3.2.2; www.cran.r-project.org) were used. Differences were considered statistically significant at P < .05 for single tests and replication experiments (survival after infection with a median lethal dose, bacterial levels 30 hours after infection). Otherwise, the significance level was adjusted for multiple comparisons using the Bonferroni method. Figure 1D ; P < .001) and were detected as early as 42 and 45 hours after infection. Next, we analyzed the association between the number of T or B cells and the interval between infection and sacrifice for each wild-type mouse. Increased amounts of lymphocytes were positively correlated with prolonged time to death (r s = 0.56 for B and r s = 0.55 for T cells; both P = .02).
RESULTS
Earlier Death in Rag1
Differences in Regulation of T-Cell Subsets in Brain and Spleen During Early Pneumococcal Meningitis
Because T cells were more abundant in the brain than B cells at the early phase of pneumococcal meningitis, we evaluated the presence of different T-cell subsets in the CNS under basal conditions and 28 hours after injection of S. pneumoniae D39 (Table 1 ). In the brain, infected mice showed significantly more CD4 + , NK, and γδ T cells than uninfected mice (P = .01; multivariate test for common increase in cell numbers across T-cell subsets during infection).
In the spleen, relative percentages of T cells decreased during infection, including CD4 + , NK, and γδ T cells (P = .01; multivariate test for common effect). The median (interquartile range) percentages were as follows: CD4 + T cells, 55.4% (54.3%-61%) and 59.1% (58.6%-60.1%) in infected and uninfected mice, respectively; NK T cells, 1.37% (0.43%-1.68%) and 1.98% (1.97%-2.55%), respectively; and γδ T cells, 2.28% (1.57%-3.34%) and 3.65% (3.1%-3.75%), respectively.
Required Role of B and T Cells in Controlling the Early Spread of Pneumococci From the CNS to the Bloodstream
To assess whether the earlier mortality observed in Rag1 −/− mice was associated with impaired control of bacterial replication, we quantified bacterial densities in blood as well as in 10 CFUs/mL; P = .002). Bacterial loads in spleen and liver homogenates of the Rag1 −/− mice also were significantly higher than in wildtype mice (P ≤ .001; data not shown).
Next, we performed a short-term experiment (n = 8 mice per group) in which all mice were euthanized 30 hours after intracerebral injection of 300 CFUs per mouse and bacterial densities were measured (Figure 2 ). Similar bacterial titers were found in the brains of wild-type and Rag1
−/− mice. Conversely,
Rag1
−/− mice were unable to control the spread of S. pneumoniae from the brain into the bloodstream, and bacterial blood concentrations were significantly higher in Rag1 −/− than in wild-type mice (P = .003). Furthermore, bacterial levels in the spleen (P = .008) and liver (P = .01) of Rag1 −/− mice were increased compared with those in wild-type mice. Abbreviations: CNS, central nervous system; IQR, interquartile range; NK, natural killer. a Data are shown as median (IQR) for infected (n = 6) and uninfected (n = 3) wild-type mice. By multivariate rank sum test, data for 3 T-cell subsets (CD4+, γδ, and NK) were jointly analyzed for a common effect of the infection on T-cell counts (P = .01; significant increase) and percentages (P = .29; not significant). Also displayed are descriptive statistics and univariate tests results for single T-cell subsets (Mann-Whitney U tests). Based on the importance of lymphocytes for prolonging survival and controlling the early spread of bacteria from the brain into the systemic circulation, we next investigated whether infected Rag1 −/− mice showed an altered production of proinflammatory mediators in the brain (Figure 3 ). We measured the levels of (1) tumor necrosis factor (TNF) α and interleukin 1β (IL-1β) as essential players of the innate response during pneumococcal infection; (2) the chemokines KC/CXCL1, macrophage inflammatory protein 1 (MIP1) α/CCL3 and RANTES (regulated on activation of normal T cells expressed and secreted)/CCL5, which are important for leukocyte migration and activation; and (3) To assess the consequences of the absence of lymphocytes on microglial activation and proliferation, we performed morphological evaluation and quantification of Iba-1-stained brain sections ( Figure 4 ). The calcium-binding protein Iba-1 stains both surveying/resting and activated microglial cells [20] . Whereas surveying microglia can be identified by their small size and very fine ramifications, activated cells exhibit an increased soma and thickened and retracted ramifications [21] . Microglial activation occurred in both groups of mice ( Figure 4A-D) , but the number of Iba-1 + cells was significantly diminished in the neocortex and hippocampus of Rag1 −/− compared with wildtype mice ( Figure 4E , P = .002).
Impairment of Granulocyte Recruitment to the CNS in Infected
We next assessed whether lymphocyte deficiency influenced the influx of granulocytes identified by CAE staining in the meninges and brain parenchyma of infected mice ( Figure 5A and 5B). The meninges of Rag1 −/− mice contained fewer CAE + cells than wild-type mice (P < .001). Accordingly, the meningeal inflammation score also was decreased in Rag1 −/− compared with wild-type mice (P < .001, Figure 5C ).
Robust Systemic Inflammatory Response and Increased Hepatic Injury in Mice Lacking Functional B and T Cells
Because bacterial concentrations in the systemic circulation, spleen, and liver increased in the absence of lymphocytes, we assessed whether Rag1 −/− mice could initiate a systemic inflammatory response, measuring different cytokines/chemokines in spleen homogenates ( Figure 6 ). Significantly increased concentrations of TNF-α (P < .001), IL-12/IL-23p40 (P = .005), and IFN-γ (P = .003) were found in infected Rag1 −/− compared with wild-type mice. Next, we investigated whether the increased concentrations of proinflammatory mediators were a consequence of the inefficient bacterial clearance. In Rag1 −/− mice, no correlation was found between bacterial burdens or any of the cytokines and chemokines in the spleen after multiple testing correction. In wild-type mice, bacterial titers in spleen were strongly correlated with TNF-α, IL-1β, IL-10, macrophage inflammatory protein 1α, and IFN-γ (r s ≥ 0.724; P ≤ .001).
The liver serves as a source of proinflammatory mediators and is a major site of bacterial clearance during systemic infections [22] . Microscopic examination of the livers revealed the presence of necrosis in 37.5% of wild-type and 93.8% of Rag1 −/− mice (P = .002; Fisher exact test). Moreover, Rag1 −/− mice exhibited more necrotic areas in the parenchyma than wild-type mice (P < .001). In summary, Rag1 −/− mice had higher bacterial concentrations in the systemic circulation and displayed an exacerbated inflammatory response with more pronounced hepatic injury, which might explain the worsened outcome.
DISCUSSION
CNS immunosurveillance by resident microglia and circulating lymphocytes is critical for the maintenance of a healthy CNS, and close interactions have been documented [23] [24] [25] . In disease states such as bacterial meningitis, lymphocyte numbers in the cerebrospinal fluid (CSF) significantly increase, suggesting a role of these cells in host defense [26, 27] . Hoffmann and collaborators [28] recently showed the contribution of T and B cells in Toll-like receptor (TLR)-driven neuroinflammation after injection of the synthetic TLR1/2 agonist Pam 3 CysSK 4 (Tripalmitoyl-S-glyceryl-cysteine) into the spinal canal of wild-type and Rag1 −/− mice. In our model, by local injection of viable bacteria into the neocortex of mice, the pathogen replicates in the CNS and then spreads into the systemic circulation, reproducing both the intracranial and systemic pathological findings observed in humans. In addition, the inflammatory response elicited by the presence of replicating bacteria results from the simultaneous recognition of multiple pathogen structures by different immune cells and is therefore fundamentally different from the inflammatory response to a single synthetic TLR ligand. Unlike in bacterial meningitis, which usually leads to a predominance of neutrophils in the CSF [29] , lymphocytes were the most abundant leukocyte population in the CSF of wild-type mice after Pam 3 CysSK 4 injection [28] .
In our experimental model of pneumococcal meningitis, we demonstrated that the early adaptive immune response counteracts the spread of pneumococci to the bloodstream. We found that the absence of functional B and T cells significantly reduces the survival of S. pneumoniae-infected mice. The differences in survival between wild-type and Rag1
−/− -infected mice arose in the first 2 days after infection, which rules out a clonal expansion of pneumococal antigen-specific CD4 + T cells or the generation of specific pneumococcal antibodies as potential contributors to the host defense. Innate-like lymphocytes, such as NK T cells and γδ T cells, have been shown elsewhere to participate in the early host defense against pneumococcal respiratory infections [30, 31] . We showed that both cell types are increased in the CNS 28 hours after intracerebral injection of S. pneumoniae in wild-type mice. Controversial data have been reported regarding the role of CD4 + T cells in the early phase of experimental pneumococcal infection [32] [33] [34] . In our study, increased numbers of CD4 + T cells were observed in the brain of infected wild-type mice 1 day after infection, and B cells were detected in the first 3 days after infection, but to a much lower extent than T cells. Interleukin 17 (IL-17) and IL-1β are relevant cytokines modulating the interaction between innate-like lymphocytes and microglial cells or granulocytes. Concentrations of IL-1β were significantly diminished in the cerebellar homogenates of Rag1 −/− mice. Besides amplifying the IL-17 response from γδ T cells, IL-1β is a crucial component of the early immune response against infection that induces microglial cell proliferation and granulocyte recruitment and activation [35] [36] [37] . Infiltrating and circulating neutrophils are pivotal to controlling the spread of pneumococci from the CNS into the bloodstream [7, 38, 39] . During experimental pneumococcal pneumonia, CD4 + , NK, and γδ T cells supported pneumococcal clearance by cytokine-induced activation of neutrophils and macrophages in mice [29] [30] [31] [32] 40] . In our work, Rag1 −/− mice showed an impaired recruitment of granulocytes, which probably contributed to the quick dissemination of pneumococci into the systemic circulation. We further found that the rapid spread of bacteria into the systemic circulation was accompanied by an overwhelming systemic inflammatory response and irreversible hepatic injury. Therefore, the more rapid death of the infected Rag1 −/− mice was caused by excessive bacterial densities in the systemic circulation and an exaggerated release of cytokines and chemokines, as occurs in patients with sepsis, rather than being due to CNS complications. Notably, the increased levels of the tested inflammatory mediators were not a direct consequence of the elevated bacterial densities in the spleen of Rag1 −/− mice because bacterial counts were not significantly correlated with the cytokines and chemokines measured. In the present work, we chose S. pneumoniae D39 because this is a well-characterized encapsulated bacterial strain that is widely used by different research groups focusing on pneumococcal pathogenesis and new vaccine antigens [41] . Serotype 2 is not among the most frequent serotypes associated with human invasive pneumococcal disease (IPD) in developed countries but is highly relevant in developing countries. Most recently, serotype 2 has been reported to be the leading cause of meningitis and other IPD in children <5 years old in Bangladesh [42, 43] . Its clinical relevance is reflected by its inclusion in the 23-valent pneumococcal polysaccharide vaccine (PPSV23). In our animal model, the intracerebral injection of the lowest inoculum of S. pneumoniae D39 leading to 100% of the mice succumbing to the infection induced pathological findings that resemble the human situation: microglial activation, granulocyte and lymphocyte recruitment, bacterial spread into the bloodstream, and an inflammatory response in the brain and systemic circulation. Moderate differences concerning the contribution of lymphocytes to the course of pneumococcal meningitis cannot be excluded, however, when other pneumococcal serotypes are the causative pathogens.
In conclusion, we demonstrated that the absence of B and T cells resulted in a decreased expression of IL-1β in the brain with reduced microglial proliferation and impaired granulocyte recruitment. An efficient early lymphocyte-mediated immune response was essential to delay the spread of S. pneumoniae D39 from the brain into the systemic circulation and shape the inflammatory response in the periphery thereby prolonging the survival of the host in the absence of antibiotic treatment. New insights into the function of lymphocytes in the pathophysiological process of pneumococcal meningitis might improve current strategies to prevent and treat IPD, especially in immunocompromised patients. Therapeutic interventions targeting lymphocytes might help decrease the incidence and mortality associated with pneumococcal infections in HIV-infected patients, in whom antiretroviral therapy is unable to restore normal lymphocyte function [9, 10, 44] , or in patients after sepsis who show alterations in both αβ and innate-like circulating lymphocytes [45] .
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